Seafloor integrity is threatened by disturbances owing to human activities. The capacity of the system to recover from disturbances, as well as maintain resilience and function, depends on dispersal. In soft-sediment systems, dispersal continues after larval settlement, but there are very few measurements of how far the post-settlers disperse in nature. Spatial scales of post-settlement dispersal are, however, likely to be similar to pelagic larval dispersal because of continued, frequent, small-scale dispersal over longer periods. The consequences of this dispersal may be more important for the maintenance of biodiversity and metacommunity dynamics than is pelagic larval dispersal, because of the greater size and competency of the dispersers. We argue that an increased empirical understanding of post-settlement dispersal processes is key for predicting how benthic communities will respond to local disturbances and shrinking regional species pools, with implications for monitoring, managing and conserving biodiversity.
Introduction
Dispersal is a fundamental process in all ecosystems and is the glue that connects communities across time and space. Unconsolidated soft-sediment ecosystems are the most extensive habitat on the planet and the communities that inhabit them play important roles in biogeochemical cycles, sustaining pelagic primary production as well as supporting fisheries [1] . In estuarine and coastal systems, many of these processes are driven by the macroinvertebrates, many of which are relatively sedentary as adults. In these systems, there is a loss of biodiversity resulting from escalating human impacts, such as fishing disturbance, eutrophication, hypoxia, sedimentation and marine construction [2] . Continuous dispersal, re-colonization and connectivity are integral for biodiversity maintenance, which is associated with the functions and resilience of these systems [3] .
Current thinking emphasizes the importance of pelagic larvae as the primary agents of dispersal for macrobenthic invertebrates. This view stems from the rocky shore as a model system, with a focus on the larvae of barnacles, mussels and oysters. During a relatively short period (hours to weeks), these larvae can disperse in very high numbers with currents before settling and attaching to a hard substrate, after which their movement is limited [4] . In soft-sediment systems, however, post-settlement juveniles are still mobile. Potentially, all soft-sediment species can disperse as post-settlers, and a substantial proportion of species (40-60%) lack any pelagic larvae [5] .
Evidence has been mounting for the importance of post-settlement dispersal in maintaining soft-sediment biodiversity. Over 20 years ago, the role of postsettlement dispersal in recovery after disturbance was suggested [6] and we have not advanced much since then. A Web of Science survey of benthic studies published between 1980 and 2014 with the search terms 'larval dispersal', 'post-larval dispersal' or 'post-settlement dispersal', yields 1252, 37 and 72 papers, respectively. Hence, papers that address larval dispersal dominate both the literature and our thinking about processes defining connectivity, perhaps because post-settler mobility often is considered to be local movement within a community rather than regional dispersal [4] . Here, we argue that the scales of post-settlement dispersal are similar to larval dispersal, and the competence of the recruits is higher. We discuss the consequences for biodiversity maintenance and offer suggestions for future research.
Spatial and temporal scales of postsettlement dispersal
For benthic macroinvertebrates, dispersal across all life-history stages includes spatial scales from a few centimetres to thousands of kilometres, and temporal extents ranging from seconds to seasons to years [7] . Larval dispersal was previously thought to be potentially large-scale, with pelagic larval duration used as proxy for dispersal distance and connectivity. This view has been reinforced by studies of genetic homogeneity [8] , but this requires only a few individuals arriving at infrequent intervals [9] . From an ecological perspective of connectivity and community maintenance, these individuals are not important. Moreover, it is now known in many species the larvae disperse less than a kilometre [10] . Thus, dispersal predicted from pelagic larval duration is much greater than reality. Importantly, larval dispersal to the settlement stage is limited in time.
Benthic post-settlement dispersal (defined here as the period after initial settlement through to adulthood), however, can continue for considerably longer ( figure 1 ).
There are very few measurements of how far post-settlers disperse in nature, but known estimates indicate that the distances can be on the same order as for larval dispersal. For Limited dispersal results in low connectivity and a small pool of shared species (outline of shapes) but as connectivity increases, behaviourally mediated dispersal will contribute to species sorting and opportunistic population increases following disturbance. At high rates of dispersal, mass effects will dominate and disturbance recovery will be rapid. Transitions between low and high connectivity states will be driven by variability in near-bed flows. (Online version in colour.)
rsbl.royalsocietypublishing.org Biol. Lett. 11: 20140795 example, juvenile bivalves that are several millimetres in size disperse distances of tens to thousands of metres on temporal scales from hours to weeks [11] [12] [13] . The net sum of frequent small-scale dispersal over longer temporal scales, up to a couple of years, may therefore be just as important as singular larval dispersal events (figure 1). The realized dispersal distance is a combination of the interactions between near-bed hydrodynamics, sediment transport and species-specific traits [14] . While field studies have demonstrated correlations between sediment transport, dispersal rate and the diversity of the dispersing community [15] , suggesting a passive process based on hydrodynamic forcing, there is also a behavioural element. Behaviours that promote dispersal include, in addition to active crawling and swimming, emergence from the sediment and the release of mucous or byssal threads providing lift, enabling postsettlers and even adults to disperse. Active behaviours that reduce dispersal include burrowing and attaching to the substrate with byssal fibres [7] (figure 2).
High mortality is typical of the larval phase, transition to the benthic environment and early post-settlement periods [16] . The fitness and probability of survival increase with age [17] , and dispersal allows for competent individuals to move into areas more suitable for growth, escape adverse conditions and colonize disturbed areas [18] . They have also reached a size where they start to influence ecosystem function, for example through tube building or bioturbation affecting sediment stability and biogeochemistry. Trap studies show that competent individuals of multiple species are dispersing more or less continuously [19] , but the contribution of this flux to seafloor integrity and biodiversity maintenance is poorly known.
Role of post-settlement dispersal in biodiversity maintenance
Much of our present insight into the role of post-settlement dispersal derives from disturbance-recovery studies, where the rates and patterns of recovery are both scale-dependent and influenced by site-specific environmental factors [20] [21] [22] [23] . Conceptual models dictate that larval stages dominate when the spatial scales of disturbance are large, whereas post-settlers are more important when scales of disturbance are small [6, 24] and when larvae are scarce (i.e. outside main larval recruitment periods). The post-settlers, however, may be more important than previously thought, as their scales of dispersal easily match those of larvae, and their competency is greater. Post-settler responses to disturbance are species-specific, with potential for opportunistic population increases in response to release of available food resources or release from predation or competition pressure [25] . Importantly, competent dispersers that rapidly respond to available resources can facilitate community assembly. A substantial proportion of a soft-sediment community is constantly dispersing, in both quiescent and energetic hydrodynamic conditions [26, 27] , depending on species-specific behaviour and dispersal potential (figure 2). Consequently, turnover rates of individuals in local communities can be very high, even though the species composition remains more or less constant [11, 28] . Because of this constant dispersal, we need to think of the local community as consisting of those species whose distribution happens to co-occur at a particular locality [29] . How well the local community is connected to its metacommunity depends on the temporal frequency Table 1 . Recommendations for research to quantify the role of post-settlement dispersal in soft-sediment community dynamics.
knowledge gap recommendations
post-settlement dispersal traits of many benthic taxa studies that address the interaction between behaviour and environmental conditions (including flow) to promote or limit dispersal across post-settlement life-stages. Example studies include [13, 19, 26] .
dispersal potential of post-settlers develop coupled physical-biological models to estimate post-settlement dispersal trajectories of multiple species. These models must include interactions between nearbed hydrodynamics, sediment transport and species-specific behaviours, which will regulate modes and rates of dispersal. See [12, 36] for a starting point for such an approach.
contribution of post-settlement dispersal to recovery from disturbances, connectivity and biodiversity maintenance use scale-dependent disturbance-recovery experiments nested within environmental gradients of hydrodynamic forcing and background biodiversity to quantify the role of post-settlement dispersal in maintaining local and regional biodiversity. The study designs of Thrush et al. [22] , Norkko et al. [21] and Norkko et al. [25] provide a conceptual framework for such studies.
analyse spatial and temporal beta-diversity patterns along environmental gradients (e.g. disturbance, hydrodynamic forcing) with an emphasis on life-stage-based dispersal traits. Apply the approaches of Josefson & Göke [33] and Grönroos et al.
[34] to determine the relative amount of variation in community structure split up by key dispersal traits explained by spatial, environmental or shared effects. This should help determine the degree of connectivity among spatially discrete communities and test metacommunity models.
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and spatial extent of dispersal in the region [30] (figure 2). To understand spatial variation in community structure, it has been suggested that the amount of dispersal between communities within a metacommunity can be used to differentiate between the relative importance of the patch-dynamic (limited dispersal; colonization-competition trade-offs drive community patterns), species sorting (efficient dispersal allows species to track variation in environmental conditions) and mass effect (high dispersal, promoting higher diversity even in suboptimal conditions) models [31] (figure 2). In marine systems across natural and anthropogenic environmental gradients, dispersal will allow species to track environmental variation in space, and thus the importance of species sorting for metacommunity organization is apparently high [32] . However, mass effects may be relatively more important when post-larval dispersal is frequent, because of their competency and ability to continue moving after initial recruitment ( figure 2c ). This challenges the traditional view that soft-sediment communities remain relatively static. Generally, only dispersal during the larval phase has been considered, but post-larval dispersal likely plays a critical role in differentiating between various metacommunity models. A formal quantification of these ideas remains a challenge. Accounting for life-stage-specific dispersal traits may help quantify the importance of the post-settlement dispersal for biodiversity. Previous studies have explored spatial patterns of beta-diversity, i.e. the turnover component of diversity, to infer contributions of different reproductive modes of marine benthic invertebrates to abundance-occupancy relationships using additive partitioning of diversity [33] . A similar approach can be adopted using community data differentiated by life-stage, because beta should be higher for less-dispersive (adults) than for more-dispersive stages (post-settlers). Variation partitioning is another method that can be used to address the relative contribution of niche-based and dispersal-based factors to community structure [32, 34, 35] . Such an approach could be used to compare variation in post-settler and adult community structure explained by (i) dispersal traits, (ii) environmental factors, (iii) spatial factors and/or (iv) their shared effects. These analyses could further be embedded along gradients of physical forcing, environmental heterogeneity and disturbance to provide information on metacommunity structuring. Importantly, as post-settlers have a prolonged dispersal period, accounting for not only spatial but also temporal dynamics is essential.
Conclusion
The capacity of the seafloor ecosystem to maintain resilience and function after human disturbances is dependent on dispersal. We need to recognize that dispersal in soft-sediment macroinvertebrates is not restricted to a short larval phase, that the spatial scales of post-settlement dispersal may be similar to those of larval dispersal and that the impact of post-settlement dispersal is potentially more important because of the greater size and competency of the dispersers. An increased empirical understanding of post-settlement dispersal processes is essential for: (i) identifying disturbance thresholds for when the spatial extent of disturbance exceeds the dispersal potential of concurrently shrinking regional species pools, and (ii) effective marine spatial planning and the design of marine protected areas. See table 1 for a summary of recommendations for future research.
